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SUMMARY 
Pre l imina ry  estimates of aerodynamic parameters of a n  advanced f i g h t e r  
a i r c r a f t  were o b t a i n e d  from f l i g h t  d a t a  of d i f f e r e n t  v a l u e s  of t h e  a n g l e  of 
a t t a c k  from 8' t o  54". The d a t a  were analyzed by a s t e p w i s e  r e g r e s s i o n  w i t h  
t h e  o r d i n a r y  l ea s t  s q u a r e s  technique.  The e s t i m a t e d  pa rame te r s ,  i n  t h e  form 
of s t a b i l i t y  and c o n t r o l  d e r i v a t i v e s ,  are  p l o t t e d  a g a i n s t  t h e  a n g l e  of a t t a c k  
and compared w i t h  wind t u n n e l  measurement and p r e v i o u s  f l i g h t  r e s u l t s .  
r e s u l t i n g  pa rame te r s  e x h i b i t ,  i n  g e n e r a l ,  large sca t te r  caused mainly by 
i n s u f f i c i e n t  e x c i t a t i o n  of a i r c r a f t  responses .  The r e p o r t  a l s o  i n c l u d e s  t h e  
d a t a  c o m p a t i b i l i t y  check of measured d a t a .  The e f f e c t  of v a r i o u s  i n p u t  forms 
i s  demonstrated i n  two examples u s i n g  s i m u l a t e d  d a t a .  
o b t a i n e d ,  p r o p o s a l s  are made for t h e  f u t u r e  experiment f o r  o b t a i n i n g  a c c u r a t e  
parameter  estimates. 
The 
Based on t h e  e x p e r i e n c e  
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l o n g i t u d i n a l ,  l a t e r a l ,  and v e r t i c a l  a c c e l e r a t i o n ,  g u n i t s  
wing s p a n ,  m 
c o n s t a n t  b i a s  e r r o r  i n  v a r i a b l e  z 
g e n e r a l  aerodynamic f o r c e  and moment c o e f f i c i e n t  
r o l l i n g - ,  p i t c h i n g - ,  and yawing-moment c o e f f i c i e n t  
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Abbreviat ions:  
c.g. 
m.a.c. 
v e c t o r  of dependent v a r i a b l e s  
dependent v a r i a b l e  
v e c t o r  of o u t p u t  v a r i a b l e s  
a n g l e  of a t t a c k ,  rad o r  deg 
s i d e s l i p  a n g l e ,  r ad  or deg 
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d i f f e r e n t i a l  t a i l  and t r a i l i n g  edge f l a p s ,  r a d  o r  deg 
a i l e r o n  and rudder  d e f l e c t i o n ,  rad or  deg 
d i f f e r e n t i a l  t a i l  and t r a i l i n g  and l e a d i n g  edge f l a p  
d e f l e c t i o n ,  r a d  o r  deg  
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v e c t o r  of i n p u t  v a r i a b l e s  
s t i c k  d e f l e c t i o n  i n  r o l l  and p i t c h ,  and rudde r  p e d a l  
d e f l e c t  i on ,  i n  
v e c t o r  of unknown parameters 
unknown parameters  
p i t c h ,  r o l l ,  and yaw ang le ,  r a d  o r  deg 
sca le  f a c t o r  e r r o r  of 
v e c t o r  of r e s i d u a l s  
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T transpose matrix 
-1 inverse matrix 
Derivatives  of aerodynamic c o e f f i c i e n t s  Ca(a = Y , Z $  ,m,n) referenced t o  a 
system of body axes with the or ig in  a t  the airplane center of  grav i ty :  
a ‘a ‘ = -  
aP 3% 
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INTRODUCTION 
I n  1988, NASA i n i t i a t e d  t h e  High-Alpha Technology Program i n  o r d e r  t o  
accelerate t h e  development of t e c h n o l o g i e s  which would expand high angle-of - 
a t t a c k  c a p a b i l i t i e s  of f u t u r e  f i g h t e r  a i r c r a f t .  The f l i g h t  r e s e a r c h  p o r t i o n  
oE t h e  program h a s  been u s i n g  t h e  F-18A High  Angle-of-Attack Research Vehicle  
(HARV) as  a f l i g h t  r e s e a r c h  t e s t b e d .  
program i s  t o  o b t a i n  t h e  high-alpha d a t a b a s e  f o r  v a l i d a t i o n  of wind t u n n e l  and 
t h e o r e t i c a l  p r e d i c t i o n s  and f o r  p o s t u l a t i n g  a mathematical  model o f  t h e  
a i r c r a f t .  
l o n g i t u d i n a l  and la te ra l  t r a n s i e n t  maneuvers in t ended  f o r  e s t i m a t i o n  o f  
a i r c r a f t  aerodynamic pa rame te r s  u s i n g  system i d e n t i f i c a t i o n  methodology. 
One of t h e  o b j e c t i v e s  of t h e  f l i g h t  
For t h a t  r e a s o n  t h e  f i r s t  s e t  of f l i g h t s  i nc luded  s e v e r a l  
The purpose of t h i s  r e p o r t  i s  t o  summarize t h e  p r e l i m i n a r y  r e s u l t s  from 
t h e  a n a l y s i s ,  assess t h e  accuracy of t h e  i n s t r u m e n t a t i o n  system and parameter  
estimates, and c o n s i d e r  p o s s i b l e  changes i n  t h e  d e s i g n  of f u t u r e  experiments .  
The r e p o r t  s t a r t s  w i t h  t h e  d e s c r i p t i o n  of t h e  a i r c r a f t  and f l i g h t  and wind 
t u n n e l  d a t a  a v a i l a b l e .  Then, p rocedures  f o r  d a t a  a n a l y s i s  a re  b r i e f l y  
o u t l i n e d .  The r e s u l t s  p r e s e n t e d  i n c l u d e  checks on c o m p a t i b i l i t y  of measured 
r e sponses ,  v a r i a t i o n  of e s t i m a t e d  aerodynamic parameters  w i t h  t h e  a n g l e  of 
a t tack ,  and t h e  comparison of t h e s e  estimates w i t h  wind t u n n e l  measurements 
and a l i m i t e d  number of p rev ious  f l i g h t  r e s u l t s .  F i n a l l y ,  a p o s s i b l e  
s e l e c t i o n  of d i f f e r e n t  i n p u t  forms and t h e i r  e f f e c t  on pa rame te r  accuracy i s  
d i scussed .  
1 
AIRCRAFT 
The tes t  v e h i c l e  i s  a twin eng ine ,  s i n g l e  sea t  f i g h t e r  a i r c r a f t .  It h a s  
a moderately swep t  wing w i t h  h igh ly  s w e p t  leading-edge ex tens ion  (LEX) .  
all-moving h o r i z o n t a l  t a i l  s u r f a c e s  are mounted behind and below t h e  wing, 
tw in  v e r t i c a l  t a i l s  are  can ted  and t o e d  ou t .  The a i r c r a f t  i s  c o n t r o l l e d  by 
f o u r  d i g i t a l  computers working i n  p a r a l l e l .  The computers are used i n  con- 
j u n c t i o n  wi th  redundant e l e c t r o h y d r a u l i c  s e r v o a c t u a t o r s  and ana log  s e n s o r s  t o  
provide  two f a i l  o p e r a t e  primary c o n t r o l  c a p a b i l i t i e s .  There i s  a l s o  a backup 
mechanical  c o n t r o l  of t h e  s t a b i l a t o r  s u r f a c e s  and open-loop ana log  c o n t r o l  of 
t h e  a i l e r o n  and rudder.  Long i tud ina l  c o n t r o l  u ses  symmetric d e f l e c t i o n s  of 
t h e  s t a b i l a t o r ,  l e a d i n g  and t r a i l i n g  edge f l a p s .  L a t e r a l  c o n t r o l  i s  provided  
by t h e  a i l e r o n s ,  d i f f e r e n t i a l  d e f l e c t i o n s  of t h e  s t a b i l a t o r ,  l e a d i n g  and 
t r a i l i n g  edge f l a p s ,  and synchronous rudder  d e f l e c t i o n .  A drawing of t h e  
a i r c r a f t  i s  presented  i n  f i g u r e  1. The b a s i c  geometr ic ,  mass, and i n e r t i a  
c h a r a c t e r i s t i c s  a r e  summarized i n  t a b l e  I. A more d e t a i l e d  d e s c r i p t i o n  of t h e  
a i r c r a f t  and i t s  c o n t r o l  system is  conta ined  i n  r e f e r e n c e s  1 and 2. 
The 
The t e s t e d  a i r c r a f t  was modif ied by adding a nose boom and r i g h t -  and 
le f t -wing- t ip  booms wi th  P i t o t - s t a t i c  heads and a- and $-vanes (no t  shown i n  
f i g .  1). The a i r c r a f t  has  a pulse-code modulat ion i n s t r u m e n t a t i o n  system w i t h  
t e l eme t ry  as t h e  only sou rce  of da ta .  The measured d a t a  a r e  recorded  a t  t h e  
t e l eme t ry  ground s t a t i o n .  The i n s t r u m e n t a t i o n  system inc ludes  t r a n s d u c e r s  f o r  
t h e  measurement of c losed-  and open-loop i n p u t  v a r i a b l e s ,  response  v a r i a b l e s ,  
p r e s s u r e s  on t h e  prebody and q u a n t i t i e s  d e f i n i n g  a i r c r a f t  c o n f i g u r a t i o n ,  
c o n t r o l  system and eng ine  o p e r a t i o n ,  and i n s t a n t a n e o u s  mass and i n e r t i a  
c h a r a c t e r i s t i c s .  
FLIGHT AND W I N D  TUNNEL DATA 
The f l i g h t  d a t a  of t h e  t e s t e d  a i r c r a f t  were ob ta ined  from NASA Dryden 
F l i g h t  Research F a c i l i t y  i n  t h e  form of time h i s t o r i e s  sampled a t  50 samples/ 
sec .  The measured d a t a  were c o r r e c t e d  f o r  t h e  c.g. o f f s e t  of t h e  l i n e a r  
acce lerometers ,  and a- and 6-vanes. In  a d d i t i o n ,  t h e  a-vane readings  were 
c o r r e c t e d  f o r  t h e  upwash e f f e c t .  The a i r  d a t a  f o r  t h e  a n a l y s i s  were t aken  
from t h e  nose-boom senso r s .  
l a t e ra l  maneuvers were analyzed.  These maneuvers were i n i t i a t e d  from most ly  
s t e a d y  f l i g h t s  a t  a l t i t u d e s  between 5,000 and 9,500 m (17,000 and 31,000 f t )  
and an  a n g l e  of a t t a c k  between 8' and 54O. The p i l o t  i n p u t  f o r  t h e  l o n g i t u -  
d i n a l  maneuvers was a p i t c h  command i n  t h e  form of a s imple  double t .  
l a t e r a l  responses ,  s e p a r a t e  r o l l  and yaw commands i n  t h e  form of d o u b l e t s  were 
app l i ed .  
a r e  p re sen ted  i n  f i g u r e s  2 t o  5. 
From t h e  d a t a  ob ta ined ,  33 l o n g i t u d i n a l  and 41 
For t h e  
Time h i s t o r i e s  of i n p u t  and r e sponse  v a r i a b l e s  f rom f o u r  maneuvers 
I n  f i g u r e  2 t h e  l o n g i t u d i n a l  response  of t h e  a i r c r a f t  a t  a = 8" is 
shown. 
l e a d i n g  and t r a i l i n g  edge f l a p s .  In t h i s  ca se ,  t h e  s h o r t  pe r iod  motion of t h e  
a i r c ra f t  seems t o  be we l l  e x c i t e d .  F igu re  3 shows a n  example of t h e  l o n g i t u -  
d i n a l  maneuver i n i t i a t e d  a t  a - 44'. Problems of i n s u f f i c i e n t  e x c i t a t i o n  and 
ma in ta in ing  uncoupled response  a r e  v i s i b l e  from t h e  t i m e  h i s t o r i e s  of both  t h e  
inpu t  and ou tpu t  v a r i a b l e s .  
The open-loop i n p u t s  inc luded  d e f l e c t i o n s  of t h e  h o r i z o n t a l  t a i l ,  
An example of l a t e ra l  response of low a n g l e  of 
2 
a t t a c k  i s  g i v e n  i n  f i g u r e  4. The wide time s e p a r a t i o n  of r o l l  and yaw 
commands, and t h e  s h o r t  d u r a t i o n  of t h e  rudder  doub le t  r e s u l t e d  i n  low 
i n f o r m a t i o n  c o n t e n t  of t h e  measured d a t a .  F i n a l l y ,  t h e  l a t e r a l  maneuver 
i n i t i a t e d  a t  a = 54" i s  p resen ted  i n  f i g u r e  5 .  The r e s u l t i n g  r e sponses  
e x h i b i t  s t r o n g  c o u p l i n g  between t h e  l a t e r a l  and l o n g i t u d i n a l  motion and 
i n s u f f i c i e n t  e x c i t a t i o n  of t h e  l a t e ra l  a c c e l e r a t i o n .  
The e s t i m a t e d  pa rame te r s  from f l i g h t  d a t a  were compared w i t h  t h e  
aerodynamic f u n c t i o n s  and parameters  i n  t h e  NASA LaRC f l i g h t  s i m u l a t o r .  These 
aerodynamic d a t a  a r e  based on  wind t u n n e l  measurements w i t h  some ad jus tmen t s  
f o r  a p rev ious  f l i g h t  t e s t  b a s i s .  The d a t a  a re  summarized i n  r e f e r e n c e  1. 
The s t a b i l i t y  and  c o n t r o l  d e r i v a t i v e s  p r e s e n t e d  i n  t h i s  r e p o r t  were computed 
from aerodynamic f u n c t i o n s  f o r  scheduled f l a p  p o s i t i o n s  and h o r i z o n t a l  t a i l  
d e f l e c t i o n s  r e q u i r e d  t o  t u r n  t h e  a i r c r a f t  a t  g i v e n  f l i g h t  c o n d i t i o n s .  
computed parameter  Cm i s  r e f e r e n c e d  t o  t h e  c.g. p o s i t i o n s  a t  2 5  p e r c e n t  o f  
t h e  m.a.c. U 
The 
FLIGHT DATA ANALYSIS 
The f i r s t  s t e p  i n  d a t a  a n a l y s i s  i nc luded  a check on measured d a t a  
c o m p a t i b i l i t y  and e s t i m a t i o n  of unknown b i a s  e r r o r s  i n  t h e  measurement. 
t h e  unknown pa rame te r s ,  i n  t h e  form of s t a b i l i t y  and c o n t r o l  d e r i v a t i v e s ,  were 
e s t i m a t e d  from p o s t u l a t e d  e x p r e s s i o n s  f o r  t h e  aerodynamic c o e f f i c i e n t s .  
t h e  c o m p a t i b i l i t y  check t h e  maximum l i k e l i h o o d  method of r e f e r e n c e  3 was 
app l i ed .  
Then 
For 
The s t a t e  e q u a t i o n s  were r e p r e s e n t e d  by k inemat i c  e q u a t i o n s  
m 
and 0 i s  a v e c t o r  of unknown b i a s  e r r o r s  i n  measured i n p u t  and r e sponse  
variables. The v e c t o r  of  r e sponse  v a r i a b l e s  was fo rmula t ed  a s  
T 
z = [V,B,a , t J ,WI  
Each measured r e sponse  v a r i a b l e  was expres sed  a s  
z = ( 1 + A z )  z E + bZ+ n Z  
where X 
nz i s  tge measurement noise .  
s c a l e  f a c t o r  e r r o r s  and t h e  measurement n o i s e  are  e q u a l  t o  ze ro .  
i s  t h e  unknown sca le  f a c t o r  e r r o r ,  b, i s  t h e  c o n s t a n t  b i a s  e r r o r  and 
For t h e  measured i n p u t s  i t  was assumed t h a t  t h e  
The unknown pa rame te r s  and t h e i r  Cramer-Rao bounds were o b t a i n e d  by 




u ( i )  = z , ( i )  - z ( i , O )  
R i s  t h e  c o v a r i a n c e  m a t r i x  of measurement n o i s e  and N i s  t h e  number of d a t a  
p o i n t s .  
Estimates of aerodynamic pa rame te r s  were o b t a i n e d  by us ing  a s t e p w i s e  
r e g r e s s i o n  method p resen ted  i n  r e f e r e n c e  4 .  Because a l l  t h e  maneuvers 
e x h i b i t e d  small  p e r t u r b a t i o n s  around i n i t i a l  c o n d i t i o n s ,  t h e  aerodynamic model 
e q u a t i o n s  were p o s t u l a t e d  w i t h  l i n e a r  terms only.  For t h e  l o n g i t u d i n a l  
maneuvers t h e  r e g r e s s i o n  model was formed a s  - 
+‘a & h  
= C a  + C a a  + C a  2~ q c  
‘a 0 a q 6H 
where a = Z and m ,  and f o r  l a t e r a l  maneuvers as 
6 r b  ca= ca + ca 6 + ca 2” + c a  +‘a 6 a +  ‘a r O B  P r 6 A  6 r  
( 4 )  
( 5 )  
where a = Y, R and n. 
I n  t h e s e  e q u a t i o n s  t h e  c o n t r o l  e f f e c t i v e n e s s  Ca i n c l u d e s  t h e  e f f e c t  of t h e  
6H 
horizontal t a i l ,  as w e l l  as l e a d i n g  and t r a i l i n g  edge f l a p s  d e f l e c t i o n  
& f  & Q f  
62 f ‘a 
= C  + -  c +- 
‘a 6 H  a6h 6 h  a6f  & h  
and t h e  c o n t r o l  e f f e c t i v e n e s s  C i n c l u d e s  t h e  e f f e c t  of a i l e r o n ,  d i f f e r -  
e n t i a 1  t a i l ,  and d i f f e r e n t i a l  l e a d i n g  and t r a i l i n g  edge f l a p s  d e f l e c t i o n  
6 A  a 
&dQ f +- 




6 ca - ca +-g- 6dh a a 6 A  6a a 
(7) 
The r e g r e s s o r s  i n  ( 4 )  and ( 5 )  a r e  r e p r e s e n t e d  by t h e  inc remen t s  of o u t p u t  and 
i n p u t  v a r i a b l e s  from i n i t i a l  c o n d i t i o n s .  The unknown parameters  are t h e  
s t a b i l i t y  and  c o n t r o l  d e r i v a t i v e s  and b i a s  t e rm Ca . The dependent v a r i a b l e s  
were computed from t h e  fo l lowing  e x p r e s s i o n s :  0 
cy= - mg a y  
i s  
I n  t h e s e  equa t ions ,  t h e  a n g u l a r  a c c e l e r a t i o n s  were ob ta ined  by f i t t i n g  c u b i c  
s p l i n e s  t o  measured angu la r  v e l o c i t i e s  and then  by d i f f e r e n t i a t i n g  t h e  
a n a l y t i c a l  e x p r e s s i o n s  obta ined .  
The unknown parameters  were o b t a i n e d  by minimizing t h e  c o s t  f u n c t i o n  
where y i s  t h e  dependent  v a r i a b l e ,  xj  a r e  t h e  r e g r e s s o r s ,  and II i s  t h e  number 
of s t a t i s t i c a l l y  s i g n i f i c a n t  terms i n  (4) and (5 ) .  
t h e  parameters  was e s t i m a t e d  a s  
The cova r i ance  ma t r ix  of 
2 T  cov  (6) = s (x  X I - l  
where X i s  t h e  m a t r i x  of r e g r e s s o r s  and ones ,  and s2 i s  t h e  v a r i a n c e  of t h e  
measurement no i se .  
RESULTS AND D I S C U S S I O N S  
The r e s u l t s  of f l i g h t  d a t a  a n a l y s i s  a re  summarized i n  t h e  fo l lowing  f o u r  
The 
s e c t i o n s .  The f i r s t  one c o n t a i n s  a check on t h e  c o m p a t i b i l i t y  between 
measured and p r e d i c t e d  responses  wi th  t h e  emphasis on a i r  d a t a  accuracy.  
second and t h i r d  s e c t i o n s  i n c l u d e  estimates of l o n g i t u d i n a l  and l a t e r a l  
parameters  and t h e i r  comparison wi th  wind tunne l  measurement and f l i g h t  
r e s u l t s  of r e f e r e n c e  5. These resul ts  were o b t a i n e d  from s e v e r a l  maneuvers 
u s i n g  d a t a  p a r t i t i o n i n g  and s t epwise  r e g r e s s i o n  (see r e f s .  5 and 6). I n  t h e  
l a s t  s e c t i o n  t h e  e f f e c t  of d i f f e r e n t  i n p u t  f o r m  on t h e  accuracy of e s t i m a t e d  
parameters i s  addressed.  
Data Connpat ibi l i ty  Check: 
Two large ampl i tude  maneuvers were used  i n  t h e  d a t a  c o m p a t i b i l i t y  
check. 
l o n g i t u d i n a l  t r a n s i e n t s .  In  t h e  second maneuver, slaw d e c e l e r a t i o n  was 
combined wi th  t h e  l a te ra l  responses  i n i t i a t e d  by a i l e r o n  and rudder  
d e f l e c t i o n s .  
maneuver are shown i n  f i g u r e  6. Bias e r r o r s ,  t h e i r  s t anda rd  e r r o r s ,  and 
r e s u l t i n g  f i t  e r r o r s  e s t i m a t e d  from t h e  d a t a  of t h e  f i r s t  maneuver are 
p resen ted  i n  t a b l e  11. The d a t a  were ana lyzed  f i r s t  by d i v i d i n g  t h e  maneuver 
i n t o  t h r e e  ove r l app ing  s e g m n t s .  Then, t h e  d a t a  f rom t h e  whole maneuver were 
used. The i n c o n s i s t e n c y  among t h e  f o u r  sets of estimates is probably caused 
by low e x c i t a t i o n  of t r a n s i e n t  motion and v a r i o u s  amounts of i n fo rma t ion  
conta ined  i n  each  segment of t h e  da t a .  Small  e x c i t a t i o n  of t r a n s i e n t  motion 
a l s o  r e s u l t e d  i n  s t r o n g  p a i r w i s e  c o r r e l a t i o n s  between parameters .  These 
c o r r e l a t i o n s  degraded t h e  accuracy  of t h e  estimates s p e c i f i e d  i n  t a b l e  11. 
The f i r s t  maneuver c o n s i s t e d  of s low d e c e l e r a t i o n  wi th  superimposed 
The t i m e  h i s t o r i e s  of t h e  o u t p u t  and i n p u t  v a r i a b l e s  i n  t h i s  
Table  111 c o n t a i n s  t h e  r e s u l t s  of e s t i m a t i o n  based on t h e  d a t a  from t h e  
second maneuver. 
p rev ious ly .  This t i m e ,  however, t h e  p o s t u l a t e d  unknowns inc luded  c o n s t a n t  
8 '  b i a s e s  i n  l o n g i t u d i n a l  and la teral  v a r i a b l e s ,  and scale f a c t o r s  X and X 
The accuracy of t h e  e s t i m a t e d  scale f a c t o r  Xa w a s  a g a i n  degraded by s t r o n g  
correlation between b and X . For t h a t  reason ,  i t  was n o t  p o s s i b l e  t o  v e r i f y  
t h e  accuracy of upwash c o r r e c t i o n s  a p p l i e d  t o  nose  boom a-vane readings .  
e s t ima ted  va lues  of X 
a n g l e  of a t t a c k .  





i n d i c a t e  a p o s s i b l e  change i n  t h e  s idewash wi th  t h e  
For  b e t t e r  e v a l u a t i o n  of assumpt ions  concern ing  t h e  a i r  d a t a  measurement, 
t h e  t i m e  h i s t o r i e s  of  r e s i d u a l s  i n  t h e  a i r  speed ,  a n g l e  of a t t a c k ,  and 
s i d e s l i p  a n g l e  were p l o t t e d  i n  f i g u r e  7. These p l o t s  show a p resence  of 
uncor rec t ed  s y s t e m a t i c  e r r o r s  which means t h a t  measurement equa t ion  ( 2 )  could  
n o t  e x p l a i n  v a r i a t i o n s  i n  measured a i r  da ta .  The same r e s i d u a l s  are a l s o  
p l o t t e d  a g a i n s t  t h e  a n g l e  of  a t t a c k  i n  f i g u r e  8. From t h e s e  p l o t s  a 
pronounced disagreement  between measured and p r e d i c t e d  a n g l e  of a t t a c k  
for a > 30" is seen. For f u r t h e r  v e r i f i c a t i o n  of a i r  d a t a  accuracy  t h e  a i r  
speed  and a n g l e  of a t t a c k  are p l o t t e d  i n  f i g u r e  9 a g a i n s t  t h e  cor responding  
v a r i a b l e s  VL and a 
f i g u r e  t h e  nose-boom s i d e s l i p  a n g l e  was compared w i t h  t h e  average  v a l u e  B' 
ob ta ined  from both  l e f t -  and right-wing-boom vanes. 
sidewash c o r r e c t i o n s  were app l i ed .  
V > VL i n  t h e  whole range of a and t h e r e  is a s u b s t a n t i a l  d i screpancy  
between a and a f o r  a > 30". 
right-wing boom e x h i b i t e d  t h e  same p a t t e r n .  
c o r r e c t i o n  used  i n  computing a is n o t  c o r r e c t  f o r  a > 30" and a l s o  t h a t  i t  
needs some improvement f o r  a from 10" t o  18'. F i n a l l y ,  t h e r e  are d i f f e r e n c e s  
between B and s' which i n c r e a s e  w i t h  i n c r e a s e d  s i d e s l i p  angle .  
ob ta ined  from t h e  left-wing-boom senso r s .  I n  t h e  same L 
When c a l c u l a t i n g  s', no 
From t h e  p l o t s  i n  f i g u r e  9 i t  fo l lows  t h a t  
The similar p l o t  of a a g a i n s t  aR from t h e  L 
This  means t h a t  t h e  upwash 
Assuming t h a t  
6 
t h e  sidewash c o r r e c t i o n s  f o r  t h e  nose-boom 8-vane-are small (see resu l t s  i n  
t a b l e  111) i t  can be concluded t h a t  t h e  computed 8 i s  i n  e r r o r .  
Because of low accuracy of e s t ima ted  b i a s  e r r o r s  and t h e  p re l imina ry  
n a t u r e  of t h e  fo l lowing  resu l t s ,  no a d d i t i o n a l  c o r r e c t i o n s  t o  measured d a t a  
were app l i ed .  For b e t t e r  assessment of t h e  accuracy  of measured responses  
more d a t a  from c a r e f u l l y  des igned  exper iments  would have t o  be analyzed. In 
a d d i t i o n ,  t h e  computing procedure f o r  o b t a i n i n g  c o r r e c t e d  v a l u e s  of V, 8 ,  
and a should be r e v i s e d  and complemented by r e s u l t s  from wind t u n n e l  
measurement of upwash and sidewash c o r r e c t i o n s .  
Longi tudina l  Parameters:  
The v e r t i c a l - f o r c e  and pitching-moment parameters  a r e  p re sen ted  i n  
f i g u r e s  10 and 11. I n  t h e s e  f i g u r e s  t h e  v a r i a t i o n  of parameter estimates wi th  
t h e  a n g l e  of a t t a c k ,  t h e i r  c o n s i s t e n c y ,  and degree  of agreement w i t h  wind 
tunne l  measurement can be seen. The s c a t t e r  i n  t h e  most impor tan t  parameters 
Cz , Cm , and Cm is, i n  g e n e r a l ,  large and unacceptab le  f o r  resul ts  of t h i s  
r e s e a r c h  program. The cons i s t ency  of t h e  remaining parameters  was expec ted  t o  
be low because of t h e  low s e n s i t i v i t y  and i d e n t i f i a b i l i t y  of t h e s e  parameters. 
An improvement i n  parameter accuracy can be achieved  by improving t h e  accuracy  
of a i r  d a t a  measurement and by s e l e c t i n g  i n p u t s  which could  improve t h e  s h o r t -  
p e r i o d  e x c i t a t i o n ,  e s p e c i a l l y  a t  high angle-of -a t tack  f l i g h t  regimes. 
a a 6H 
The parameter estimates are i n  v a r i a b l e  degrees  of agreement wi th  wind 
t u n n e l  measurement. 
22" and Cm 
e f f e c t i v e n e s s ,  6" i s  about  10 percent  smaller t h a n  t h a t  from wind t u n n e l  
The main d i s c r e p a n c i e s  a re  i n  C z  f o r  a between 13" and 
a 
f o r  a between 10" and 20". The e s t ima ted  h o r i z o n t a l  t a i l  
a 
da ta .  The wind t u n n e l  v a l u e s  of C z  a re  a l s o  s u b s t a n t i a l l y  lower t h a n  t h e  
q 
es t ima ted  va lues .  
Lateral  Parameters : 
The same a p p l i e d  f o r  Cm f o r  a between 20" t o  40". 
4 
The estimates of l a t e r a l  parameters  a r e  p re sen ted  i n  f i g u r e s  12 t o  16. 
The parameters e x p r e s s i n g  t h e  s i d e s l i p  e f f e c t  a r e  shown i n  f i g u r e  12. A l l  
t h r e e  se t s  of t h e s e  parameters e x h i b i t  l a r g e  s c a t t e r ,  t h u s  i n d i c a t i n g  poor 
accuracy of t h e  estimates. 
l a t e ra l  modes and uncor rec t ed  b i a s  e r r o r s  i n  measured s i d e s l i p  angles .  I n  
a d d i t i o n ,  t h e  va lues  of Cn 
l i t y  of t h i s  parameter. 
i s  d i f f i c u l t  t o  assess t h e i r  agreement wi th  wind tunne l  measurement o r  
p rev ious  f l i g h t  results.  The e x c e p t i o n  i s  t h e  parameter C , whose v a l u e s  
f o r  a between 8" and 30" a r e  c l o s e r  t o  t h e  estimates from r e f e r e n c e  5 than  t o  
wind t u n n e l  da t a .  
The reason  f o r  t h i s  i s  i n s u f f i c i e n t  e x c i t a t i o n  of 
are low which f u r t h e r  dec reases  t h e  i d e n t i f i a b i -  




The r o l l - r a t e  and yaw-rate pa rame te r s  a re  shown i n  f i g u r e s  13  and 14. 
f o r  a < 23" and 
P 
Good i d e n t i f i a b i l i t y  can be observed on ly  i n  parameter C R 
Cy f o r  a < 30". The v a l u e s  of t h e s e  parameters a t  h i g h e r  a n g l e s  of a t t a c k  
r 
and t h e  estimates of t h e  remaining dynamic parameters were found e i t h e r  
i n c o n s i s t e n t ,  s t a t i s t i c a l l y  i n s i g n i f i c a n t ,  o r  having nonphysical  va lues .  A s  
i n  t h e  p rev ious  case, t h e  main r e a s o n  f o r  t h a t  i s  t h e  small  e x c i t a t i o n  of 
l a t e r a l  modes. 
The c o n t r o l  pa rame te r s  e x p r e s s i n g  t h e  combined e f f e c t  of t h e  a i l e r o n ,  
d i f f e r e n t i a l  t a i l ,  and t r a i l i n g  edge f l a p s  are  p l o t t e d  i n  f i g u r e  15. Large 
s c a t t e r  and high v a l u e s  of C f o r  a > 23" a re  caused by a n e a r  l i n e a r  
r e l a t i o n s h i p  between a i l e r o n  and rudder  d e f l e c t i o n s  which can be s e e n  i n  
f i g u r e s  4 and 5. As d i s c u s s e d  i n  r e f e r e n c e  7 ,  n e a r  l i n e a r  dependence among 
r e g r e s s o r s ,  c a l l e d  d a t a  c o l l i n e a r i t y ,  r e s u l t s  i n  i n a c c u r a t e  parameter 
estimates. The t r e n d  i n  t h e  estimates i n  f i g u r e  15 i n d i c a t e s ,  however, t h a t  a 
new experiment which w i l l  d e c r e a s e  d a t a  c o l l i n e a r i t y  and/or  t h e  u s e  of b i a s e d  
e s t i m a t i o n  t e c h n i q u e s  i n t r o d u c e d  i n  r e f e r e n c e  7 might r e s u l t  i n  estimates 
c l o s e  t o  wind t u n n e l  da t a .  S i m i l a r  conc lus ions  can be made about  t h e  second 
s e t  of c o n t r o l  pa rame te r s  e x p r e s s i n g  t h e  e f f e c t  of rudde r  d e f l e c t i o n .  These 
parameters  a re  p l o t t e d  i n  f i g u r e  16. Only t h e  parameter 
w i t h  a c c e p t a b l e  accuracy and good agreement wi th  wind t u n n e l  p r e d i c t i o n .  
%A 
w a s  o b t a i n e d  
''6 r 
E f f e c t  of I n p u t  Form on  Parameter Estimates: 
A s  i n d i c a t e d  i n  t h e  p reced ing  s e c t i o n s ,  one way t o  improve t h e  a c c u r a c y  
of e s t i m a t e d  parameters  i s  t o  select  i n p u t s  which would s u f f i c i e n t l y  exci te  
a l l  modes inc luded  i n  t h e  p o s t u l a t e d  model f o r  t h e  l o n g i t u d i n a l  and l a t e ra l  
motion of t h e  a i r c r a f t .  In  o r d e r  t o  demons t r a t e  t h e  e f f e c t  of v a r i o u s  i n p u t  
forms, t h e  d a t a  from t h e  f l i g h t  s i m u l a t o r  were recorded f o r  two sets of 
i npu t s .  The f i r s t  s e t  inc luded  r e p e a t s  of p i l o t  commands used i n  f l i g h t  test. 
The second s e t  con ta ined  t h e  proposed i n p u t s  formed by a s i m p l e  combination o f  
doub le t s .  Both s e t s  of i n p u t s  and t h e  p e r t i n e n t  r e sponse  v a r i a b l e s  a re  shown 
i n  f i g u r e s  1 7  t o  20. The r e s u l t i n g  parameters  from t h e  l o n g i t u d i n a l  d a t a  are  
g i v e n  i n  t a b l e  I V .  Th i s  t a b l e  i n c l u d e s  e s t i m a t e d  mean v a l u e s ,  t h e i r  s t a n d a r d  
e r r o r s ,  and increments  of t h e  m u l t i p l e  squared c o r r e l a t i o n  c o e f f i c i e n t .  The 
l a s t  q u a n t i t y  mentioned i n d i c a t e s  t h e  amount of i n fo rma t ion  i n  measured d a t a  
e x p l a i n e d  by i n c l u d i n g  i n d i v i d u a l  terms i n t o  t h e  r e g r e s s i o n  e q u a t i o n  
r e p r e s e n t i n g  t h e  p o s t u l a t e d  aerodynamic model ( s e e  e q u a t i o n s  ( 4 )  and ( 5 ) ) .  
The s e l e c t e d  i n p u t  i n  f i g u r e  18, which combines t h r e e  d o u b l e t s  i n  c o n t r o l  
s t i c k  d e f l e c t i o n ,  s u b s t a n t i a l l y  improves t h e  accuracy of t h e  estimates when 
compared wi th  r e s u l t s  where t h e  i n p u t  i n  t h e  form of a s i n g l e  d o u b l e t  was 
used. Also improved was t h e  s i g n i f i c a n c e  of t h e  term C i n  t h e  model as  
i n d i c a t e d  by t h e  corresponding v a l u e s  of AR . 
m a 2 The d i f f e r e n c e  i n  t h e  e s t i m a t e d  
v a l u e s  of 
d i f f e r e n t  amount of e x c i t a t i o n  i n  a. I n  bo th  c a s e s  wi th  d i f f e r e n t  i n p u t s  t h e  
Cm i s  caused by t h e  n o n l i n e a r  form of t h e  Cm(a) cu rve  and by a 
8 
parameter Cz 
of Cm remains small. 
was n o t  i d e n t i f i a b l e ,  and t h e  p o s s i b i l i t y  of a c c u r a t e  e s t i m a t i o n  
q 
q 
The s e l e c t e d  i n p u t  i n  f i g u r e  20 f o r  t h e  e x c i t a t i o n  of t h e  l a t e r a l  motion 
combines rudder  double t  immediately fol lowed by t h e  a i l e r o n  doub le t  and then  
by a repeat of bo th  double ts .  This  form of i n p u t  e x c i t e d  t h e  t r a n s i e n t  motion 
b e t t e r  than  t h e  i n p u t  used i n  t h e  f l i g h t  tes t .  The improvement i n  t h e  
in fo rma t ion  c o n t e n t  of t h e  d a t a  a g a i n  r e f l e c t e d  i n  improved accuracy of t h e  
parameters, e s p e c i a l l y  of t hose  expres s ing  t h e  s i d e s l i p  e f f e c t ,  as shown i n  
t a b l e  V. In  t h i s  t a b l e ,  only parameters of g r e a t e r  importance a r e  included.  
CONCLUDING REMARKS 
Aerodynamic parameters of an  advanced f i g h t e r  a i r c r a f t  were e s t i m a t e d  
from t r a n s i e n t  maneuvers a t  d i f f e r e n t  a n g l e s  of a t t a c k  vary ing  from 8 t o  54 
deg. 
technique  was app l i ed .  The r e s u l t i n g  estimates were ob ta ined  i n  t h e  form of 
a i r c r a f t  s t a b i l i t y  and c o n t r o l  d e r i v a t i v e s .  
v a r i a t i o n s  wi th  t h e  ang le  of a t t a c k  and compared wi th  wind tunne l  measurement 
and a l i m i t e d  number of p rev ious  f l i g h t  results.  In  a d d i t i o n  t o  t h e  a n a l y s i s  
mentioned, t h e  c o m p a t i b i l i t y  of measured d a t a  was checked and uncor rec t ed  b i a s  
e r r o r s  i n  measured d a t a  es t imated .  The p o s s i b l e  e f f e c t  of v a r i o u s  i n p u t  forms 
on t h e  accuracy of parameter  e s t i m a t e s  was demonstrated i n  two examples us ing  
s imula t ed  da ta .  From a l l  t h e  resul ts  ob ta ined  t h e  fo l lowing  conc lus ions  can  
be drawn: 
For d a t a  a n a l y s i s  a s t epwise  r e g r e s s i o n  w i t h  t h e  o rd ina ry  l e a s t  s q u a r e s  
They were t h e n  p resen ted  as  
1. The e x i s t i n g  maneuvers of d a t a  c o m p a t i b i l i t y  d i d  n o t  have enough 
informat ion  f o r  a c c u r a t e  e s t i m a t i o n  of b i a s  e r r o r s ,  e s p e c i a l l y  f o r  
s c a l e  f a c t o r  e r r o r  i n  t h e  a-vane readings .  For t h a t  reason ,  no f i n a l  
s t a t emen t  about  t h e  accuracy of t h e  measured d a t a  could  be made. 
2. Response v a r i a b l e s  i n  t h e  l o n g i t u d i n a l  and l a t e ra l  maneuvers f o r  
parameter  e s t i m a t i o n  were, i n  g e n e r a l ,  no t  s u f f i c i e n t l y  e x c i t e d .  
This  w a s  apparent  mainly i n  low ampl i tudes  of v e r t i c a l  a c c e l e r a t i o n ,  
s i d e s l i p  a n g l e  and yawing v e l o c i t y ,  and a l s o  i n  some segments of 
l a t e ra l  d a t a  where almost  no t r a n s i e n t  motion occurred.  Low 
e x c i t a t i o n  of response  v a r i a b l e s  was caused by t h e  s e l e c t i o n  of i n p u t  
forms and, i n  some cases, by d i f f i c u l t i e s  i n  maneuvering t h e  a i r c r a f t  
i n  t h e  r eques t ed  way. 
3. I n s u f f i c i e n t  e x c i t a t i o n  of t r a n s i e n t  maneuvers r e s u l t e d  i n  l a r g e  
scatter i n  t h e  e s t ima ted  parameters  and t h e r e f o r e  i n  t h e i r  low 
accuracy which i s  unacceptab le  f o r  resu l t s  of t h i s  r e s e a r c h  program. 
4. The accuracy  of l a t e ra l  parameters  was f u r t h e r  degraded by nea r  
l i n e a r  dependency between t h e  a i l e r o n  and rudder  d e f l e c t i o n s .  
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5. Because of low accuracy of t h e  pa rame te r  estimates i t  was n o t  
p o s s i b l e  i n  many cases t o  comment on t h e i r  agreement wi th  wind t u n n e l  
measurement and p r e v i o u s  f l i g h t  d a t a .  
6 .  Simulated s t u d y  showed t h a t  more c a r e f u l  s e l e c t i o n  of i n p u t  forms can 
s i g n i f i c a n t l y  improve t h e  i d e n t i f i a b i l i t y  of t h e  main parameters i n  
t h e  model. 
The f u t u r e  experiment  of o b t a i n i n g  a c c u r a t e  parameter  e s t i m a t e s  should 
i n c l u d e  t h e  fol lowing:  
1. S p e c i a l  maneuver des igned  f o r  t h e  assessment  of d a t a  c o m p a t i b i l i t y .  
2. S e l e c t i o n  of i n p u t  forms f o r  a n  adequate  e x c i t a t i o n  of t r a n s i e n t  
maneuvers f o r  pa rame te r  e s t i m a t i o n .  
t o  t h e  p i l o t  and v e r i f i e d  i n  t h e  s i m u l a t o r .  
These i n p u t s  m u s t  be a c c e p t a b l e  
3.  E x c i t a t i o n  of l o n g i t u d i n a l  and l a t e r a l  maneuvers a t  d i f f e r e n t  v a l u e s  
of t h e  a n g l e  of a t t a c k  cove r ing  t h e  range from approximately 8" t o  
50". 
4. Repeat of maneuvers a t  two o r  t h r e e  s e l e c t e d  v a l u e s  of t h e  a n g l e  of 
a t t a c k  f o r  b e t t e r  assessment  of parameter  accuracy.  
10 
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Table I. Geometric, Mass and Inertia Characteristics 
of Aircraft. 
T o t a l  l e n g t h ,  m 
Wing : 
3 
Area ,  m' 
Span,  m 
Mean g e o n e t r i c  chord ,  m 
Aspect  r a t i o  
Quar te r -chord  sweep a n g l e ,  deg 
H o r i z o n t a l  t a i l :  
Area ( w e t t e d ) ,  m 
Span,  m 
Mean geomet r i c  chord ,  m 
Aspect  r a t i o  
Quar te r -chord  sweep a n g l e ,  deg 
Moment arm (c.g. a t  0.25 m.a.c.1, m 
2 
V e r t i c a l  t a i  1: 
2 Area ( w e t t e d ) ,  m 
Mean g e o n e t r i c  chord ,  m 
Aspect  r a t i o  
Quar te r -chord  sweep a n g l e ,  deg 
Can t ,  deg 











2 . 4  
5.12 







14 ,400  
28,880 
165 ,930  
185 ,030  
- 2 ,630  
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( .023)  
.02 * 
(.022) 
- .020 * 
( .0026) 
- .0159 * 
(.00013) 














.61  * 
( .040) 

















- 2.3 * 


















.55  * 
( .095) 
- .034 * 
( .0053) 
- .0220 * 
(.00013) 









Numbers i n  t h e  p a r e n t h e s i s  a r e  s t anda rd  e r r o r s  
*) Parameter  w i t h  s t r o n g  c o r r e l a t i o n  
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bs ,  d e g  
A B  
be, deg / sec  
bq, deg / sec  
br,  d e g l s e c  
b6  * deg 
be’ deg 
ba,, g u n i t s  
bay, g units 
ba,, g u n i t s  
Segment of data analyzed 





(. 16)  














- .05 * 
(.013) 
,0112 





15<t<45 s e c  
14<a<41 deg 
.33 
( .033)  
.86 * 
(.036) 
- .056 * 
( .0025) 
- -104 
( -0083)  


















29<t<59 s e c  
24<a<47 deg 
~ ~ -~ 
1.52 
( .071)  
- 3.9 * 
( - 1 4 )  


















- .0044 * 
( . OO040) 
.010 * 
(.O015) 
lO<t<47 s e c  























- .0041 * 
( . 00024)  
.0126 
(.00027) 
Numbers i n  parenthes i s  a r e  standard e r r o r s  
*) Parameters with strong c o r r e l a t i o n  
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Table  111. Concluded. 
Par a met e r 
s(V>, m/sec 
s ( a > ,  deg 
~ ( 3 1 ,  deg 
s ( 6 ) ,  deg 
s ( 8 > ,  deg 
s ( J I ) ,  deg 


































Table IV. Estimates of Parameters From Two Longitudinal 
Maneuvers With Different Input Forms. 
Paramete r  
F l i g h t  i n p u t  
- 5 . 3  . 2 2  6 4 . 9  
- .97 .097 5 . 4  
- .20 .075 . 3  
- 9. 2 . 3  .9 
- 1 . 4 2  .034  8 1 . 5  
S e l e c t e d  i n p u t  
- 5 . 5 2  . 0 6 2  93.0 
- .88 . 0 6 3  1 . 6  
- . 4 3  . 022  3 . 3  
- 4.1 .98 1.1 
- 1 . 3 5  . 0 2 2  87.3 
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Table V. Estimates of Parameters From Two Lateral 
Maneuvers With Different Input Forms 
~~ 








cn r  
‘n fir 
F l i g h t  i n p u t  
- 1.11 .041 14.2 
,209 .0047 69.2 
- .124 .004 1 5 .O 
- .411 -0085 5.5 
- .121 .0010 87.8 
.13 .027 1.7 
- .2 .24 .1 
- ,081 .0031 51.3 
S e l e c t e d  i n p u t  
- 1.11 .007 6 70.5 
.245 .0024 27.6 
- .123 .00076 14.3 
- .418 ,0042 6.8 
- .113 .00059 74.6 
.131 .0049 15.8 
- .14 .069 .1 






t-” (37.5 it.) -i 






0 2 4 6 8 
t, sec 
-7 
Figure 2. Time histories of measured input and response 










0 2 4 6 8 U 
t, sec 
Figure 3. Time histories of measured input and response 
variables in longitudinal maneuver (a % 44') .  0 
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0 2 4 6 a -4 
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Figure 3 .  Concluded 
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0 4 a 12 16 
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Figure 4 .  T i m e  h i s t o r i e s  of measured input and response 
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Figure 4 .  Concluded 
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4 €  
t, sec 
Figure 5. Time histories of measured input and reaponse 
variables in lateral maneuver ( a  0 % 54'). 
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Figure  5. Continued 
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Figure 5. Continued 
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. 
a r  0 
g units 
0 8 16 24 
t, sec 
-.l J 















0 10 20 30 40 50 60 
t, sec 
F i g u r e  6.  T i m e  h i s t o r i e s  of measured r e sponse  v a r i a b l e s  
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Figure 6 .  Continued 
33 
a 
X.' g units 
a 

























c -4 p 
t 
€ 
t i  
f 
10 20 30 40 50 60 0 
t ,  sec 






F i g u r e  7 .  T i m e  h i s t o r i e s  of residuals. 
36 
l*O E- 
Figure 8. Variation of residuals with angle-of-attack. 
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Figure 9. Relationship between air data from nose boom 











0 10 20 30 40 50 60 -1.5' - I " ' I ' I a ' * ' 
a, deg 
Figure 10. Comparison of vertical-force parameters 
obtained from flight and wind tunnel 
measurement. 
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0 10 20 30 40 50 60 -1.4' ' I * I * I ' I a ' 
Figure 11. Comparison of pitching-moment parameters 
obtained from flight and wind tunnel 
measurement. 
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Figure 12. Comparison of parameters expressing sideslip 
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Figure 13. Comparison of oscillatory roll-rate para- 
meters estimated from flight and wind tunnel 
measurement. 
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Figure 14. Comparison of oscillatory yaw-rate parameters 
from flight and wind tunnel measurement. 
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Figure 15. Comparison of aileron-effectiveness 
parameters estimated from flight and 
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Figure 16. Comparison of rudder-effectiveness para- 
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Figure 17. Time histories of flight inputs and simulated 
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Figure  18. T i m e  h i s t o r i e s  of s e l e c t e d  i n p u t s  and s imula t ed  
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F i g u r e  18. Concluded 
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Figure  19. T i m e  h i s t o r i e s  of f l i g h t  i n p u t s  and s imula t ed  
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Figure 20. Time histories of selected inputs and simulated 
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F i g u r e  20. Concluded 
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